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Description 

FIELD OF THE INVENTION 

[0001] The present invention relates generally to intra- 
body tracking systems, and specifically to wireless meth- 
ods and devices for tracking the position and orientation 
of an object in the body. 

BACKGROUND OF THE INVENTION 

[0002] Many surgical, diagnostic, therapeutic and pro- 
phylactic medical procedures require the placement of 
objects such as sensors, treatment units, tubes, cathe- 
ters, implants and other devices within the body. These 
procedures cover a large spectrum including, for exam- 
ple: 

insertion of electrodes for therapeutic or diagnostic 
purposes, 

placement of tubes to facilitate the infusion of drugs, 

nutritional and other fluids into a patient's circulatory 

system or digestive system, 

insertion of probes or surgical devices to facilitate 

cardiac or other types of surgery, and 

biopsies or other diagnostic procedures. 

[0003] In many instances, insertion of a device is for a 
limited time, such as during surgery or catheterization. 
In other cases, devices such as feeding tubes or ortho- 
pedic implants are inserted for long-term use. The need 
exists for providing real-time information for accurately 
determining the location and orientation of objects within 
the patient' s body, preferably without using X-ray imag- 
ing. 

[0004] US Patents 5,391,199 and 5,443,489 to Ben- 
Haim, describe systems wherein the coordinates of an 
intrabody probe are determined using one or more field 
sensors, such as a Hall effect device, coils, or other an- 
tennae carried on the probe. Such systems are used for 
generating three-dimensional location information re- 
garding a medical probe or catheter. Preferably, a sensor 
coil is placed in the catheter and generates signals in 
response to externally-applied magneticfields. The mag- 
netic fields are generated by three radiator coils, fixed to 
an external reference frame in known, mutually spaced 
locations. The amplitudes of the signals generated in re- 
sponse to each of the radiator coil fields are detected and 
used to compute the location of the sensor coil. Each 
radiator coil is preferably driven by driver circuitry to gen- 
erate a field at a known frequency, distinct from that of 
other radiator coils, so that the signals generated by the 
sensor coil may be separated by frequency into compo- 
nents corresponding to the different radiator coils. 
[0005] US Patent 6,198,963 to Ben-Haim et al., de- 
scribes simplified apparatus for confirmation of intrabody 
tube location that can be operated by nonprofessionals. 
The initial location of the object is determined as a refer- 
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ence point, and subsequent measurements are made to 
determine whether the object has remained in its initial 
position. Measurements are based upon one or more 
signals transmitted to and/or from a sensor fixed to the 
5 body of the object whose location is being determined. 
The signal could be ultrasound waves, ultraviolet waves, 
radio frequency (RF) waves, or static or rotating electro- 
magnetic fields. 

[0006] PCT Patent Publication WO 96/05768 to Ben- 

10 Haim et al., describes a system that generates six-di- 
mensional position and orientation information regarding 
the tip of a catheter. This system uses a plurality of sensor 
coils adjacent to a beatable site in the catheter, for ex- 
ample near its distal end, and a plurality of radiator coils 

is fixed in an external reference frame. These coils gener- 
ate signals in response to magnetic fields generated by 
the radiator coils, which signals allow for the computation 
of six location and orientation coordinates. 
[0007] US Patent 6,239,724 to Doron et al., describes 

20 a telemetry system for providing spatial positioning infor- 
mation from within a patient's body. The system includes 
an implantable telemetry unit having (a) a first transducer, 
for converting a power signal received from outside the 
body into electrical power for powering the telemetry unit; 

25 (b) a second transducer, for receiving a positioning field 
signal that is received from outside the body; and (c) a 
third transducer, for transmitting a locating signal to a site 
outside the body, in response to the positioning field sig- 
nal. 

30 [0008] US Patent 6,172,499 to Ashe, describes a de- 
vice for measuring the location and orientation in the six 
degrees of freedom of a receiving antenna with respect 
to a transmitting antenna utilizing multiple-frequency AC 
magnetic signals. The transmitting component consists 

35 of two or more transmitting antennae of known location 
and orientation relative to one another. The transmitting 
antennae are driven simultaneously by AC excitation, 
with each antenna occupying one or more unique posi- 
tions in the frequency spectrum. The receiving antennae 

40 measure the transmitted AC magnetic field plus distor- 
tions caused by conductive metals. A computer then ex- 
tracts the distortion component and removes it from the 
received signals, providing the correct position and ori- 
entation output. 

45 [0009] US Patent 4,173,228 to Van Steenwyck et al., 
describes a catheter locating device based upon inducing 
a signal in a coil attached to the catheter and monitoring 
the amplitude and phase of the induced signal. 
[0010] US Patents 5,099,845 to Besz et al., and 

so 5,325,873 to Hirschi et al., describe apparatus and meth- 
ods in which a radiating element is fixed to a medical 
tube, e.g., a catheter, and the position of the tube is de- 
termined responsive to energy radiated from the element. 
[0011] US Patent 5,425,382 to Golden, et al., de- 

55 scribes apparatus and methods for locating a medical 
tube in the body of a patient by sensing the static mag- 
netic field strength gradient generated by a magnet fixed 
to the medical tube. 



2 



3 



EP 1 321 097 B1 



[0012] US Patents 4,905,698 to Strohl et al. and 
5,425,367 to Shapiro, et al., describe apparatus and 
methods wherein an applied magnetic field induces cur- 
rents within a coil at the tip of a catheter. Based on these 
currents, the relative location of the catheter is deter- 5 
mined. 

[0013] US Patent 5,558,091 to Acker et al., describes 
a magnetic position and orientation determining system 
which uses uniform fields from Helmholtz coils positioned 
on opposite sides of a sensing volume and gradientfields 10 
generated by the same coils. By monitoring field compo- 
nents detected at a probe during application of these 
fields, the position and orientation of the probe is de- 
duced. A representation of the probe is superposed on 
a separately-acquired image of the subject to show the 15 
position and orientation of the probe with respect to the 
subject. 

[001 4] US Patent 5,91 3,820 to Bladen et al., describes 
apparatus for locating the position of a sensor, preferably 
in three dimensions, by generating magnetic fields which 20 
are detected at the sensor. The magnetic fields are gen- 
erated from a plurality of locations and enable both the 
orientation and location of a single coil sensor to be de- 
termined. 

[0015] Commercial electrophysiological and physical 25 
mapping systems based on detecting the position of a 
probe inside the body are presently available. Among 
them, CARTO™, developed and marketed by Biosense 
Webster Inc., Diamond Bar, California is a system for 
automatic association and mapping of local electrical ac- 30 
tivity with catheter location. 

[0016] An article entitled, "Microtool Opens 3D Win- 
dow into the Human Body," by Cleopatra Alfenito, Med- 
ical Imaging 12(1 1 ) (November, 1997), which is incorpo- 
rated herein by reference, describes the "miniBIRD" de- 35 
vice, made by Ascension Technology (Burlington, Ver- 
mont). This device "...measures internal organs and their 
motion by reconstructing the position and orientation of 
2D slices to fill a 3D volume... Sensors - as small as 5 
mm - can be attached to probes, instruments, or even a 10 
fetal head inside the human body. These mini-trackers 
measure the spatial location of ultrasound probes or oth- 
er instruments with six degrees of freedom (position and 
orientation as given by x,y,z, yaw, pitch and roll) in real 
time. The miniBIRD works by measuring magnetic fields 45 
and converting signals to real-time 3D measurements. 
At the start of each measurement cycle (of which there 
are up to 144 per second), the system' s triaxial trans- 
mitter is driven by a pulsed DC signal. The sensor then 
measures the transmitted magnetic field pulse. The elec- so 
tronics unit controls the transmitting and receiving ele- 
ments and converts the received signals into real-time 
position and orientation measurements, providing for the 
collection of accurate data This data can then be used 
for 3D reconstruction of internal images of the heart, 55 
blood vessels, stomach, pelvis and other areas as pro- 
vided by ultrasound or an endoscope." 
[0017] Document US 6 239 724 discloses a device ac- 



cording to the preamble of claim 1. 

SUMMARY OF THE INVENTION 

[0018] It is an object of some aspects of the present 
invention to provide improved apparatus for real-time de- 
termination of the location and orientation of intrabody 
objects. 

[0019] It is a further object of some aspects of the 
present invention to provide improved position measure- 
ment apparatus based on radio frequency signals. 
[0020] It is yet a further object of some aspects of the 
present invention to provide improved apparatus for de- 
termining intrabody object location and orientation which 
can operate in the absence of other locating technologies 
such as MRI or fluoroscopy. 

[0021] It is still a further object of some aspects of the 
present invention to provide a sensorfor intrabody object 
location that requires neitherwiring nor an internal power 
source. 

[0022] It is an additional object of some aspects of the 
present in vention to provide apparatus for intrabody map- 
ping that is light in weight and small in size. 
[0023] It is yet an additional object of some aspects of 
the present invention to provide intrabody mapping ap- 
paratus which can readily be integrated into existing map- 
ping support systems. 

[0024] In preferred embodiments of the present inven- 
tion, apparatus for sensing the position and orientation 
of an object placed within a patient' s body comprises a 
wireless location transponder containing a power coil, a 
sensing coil, and a signal processing chip. Typically, the 
transponder is fixed to a device inserted into the body, 
such as a catheter or implant. An externally-located driv- 
ing unit sends a radio frequency (RF) signal, preferably 
having a frequency in the megahertz range, to drive the 
power coil in the transponder and thereby power the chip. 
Additionally, a set of magnetic field generators in fixed 
locations outside the body produce magnetic fields at 
different, respective frequencies, typically in the kilohertz 
range. These fields cause currents to flow in the sensing 
coil, which depend on the spatial position and orientation 
of the sensing coil relative to the field generators. The 
processing chip converts these currents into high-fre- 
quency signals, which are transmitted by the power coil 
to an externally-located signal processing unit. This unit 
processes the signal in order to determine position and 
orientation coordinates of the object for display and re- 
cording. 

[0025] Thus, in contrast to current medical tracking 
systems, such as the above-mentioned CARTO™ sys- 
tem, the present transponder enables the position and 
orientation of an object in the body to be determined with- 
out the need for any wired connection between the sens- 
ing coil and the external processing unit. This sort of wire- 
lessoperation is particularly advantageousforvisualizing 
the position of implantable devices, which cannot readily 
be wired to the processing unit. It is also useful in reducing 
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the number of wires that must be passed through an in- 
vasive probe, such as a catheter, in order to operate a 
position sensor at its distal end. By reducing the number 
of wires, it is typically possible to reduce the diameter of 
the probe Furthermore, because the present transponder 
uses only two coils, with a single coil serving for both 
power input and signal output, and no internal power 
source, it can be made substantially smaller than wireless 
transponders known in the art. 

[0026] A clock synchronizer is used to synchronize the 
signals produced by both the external driving unit and 
the magnetic field generators. Most preferably, the fre- 
quency of the RF driving signal is set to be an integer 
multiple ofthemagneticfield frequencies. This clock syn- 
chronization enables the transponder chip to use phase- 
sensitive detection in order to enhance the signal/noise 
ratio of the signal from the sensor coil. The phase of the 
sensor signals is preferably also used to resolve ambi- 
guity that would otherwise occur in the signals under 1 80° 
reversal of the sensor coil axis. 
[0027] Alternatively or additionally, the transponder 
may comprise multiple sensor coils, preferably three mu- 
tually-orthogonal coils, as described in the above-men- 
tioned PCT publication WO 96/05768. In this case, all six 
position and orientation coordinates can be determined 
without ambiguity. 

[0028] A further advantage of some preferred embod- 
iments of the present invention is that they can be readily 
integrated into existing electromagnetic catheter-track- 
ing systems, such as the above-mentioned CARTO™ 
mapping system. In such embodiments, the driving unit 
and an accompanying receiver, for communicating over 
the air with the power coil of the wireless transponder, 
are connected to the processing unit of the tracking sys- 
tem in place of the wires that normally convey position 
signals from the catheter. The receiver preprocesses the 
signals that it receives from the powercoil, and then pass- 
es the signals on to the existing signal processor in the 
tracking system for position determination and display. 
[0029] There is therefore provided, in accordance with 
a preferred embodiment of the present invention, appa- 
ratus for tracking an object, including: 

driver circuits adapted to drive one or more of field 
generators to generate electromagnetic fields at dif- 
ferent, respective frequencies in a vicinity of the ob- 
ject; 

a radio frequency (RF) driver, adapted to radiate a 
RF driving field toward the object; 
a clock synchronization circuit coupled to the driver 
circuits and to the RF driver; 
a wireless transponder, fixed to the object, the trans- 
ponder including: 

at least one sensor coil, coupled so that an elec- 
trical current flows in the at least one sensor coil 
responsive to the electromagnetic fields; 
a control circuit, coupled to the at least one sen- 



sor coil so as to generate an output signal indic- 
ative of the current; and 
a power coil, coupled to receive the RF driving 
field and to convey electrical energy from the 
5 driving field to the control circuit, and further cou- 

pled to transmit the output signal generated by 
the control circuit; and 

a signal receiver, adapted to receive the output sig- 
10 nal transmitted by the power coil and, responsive 
thereto, to determine coordinates of the object; 

wherein the one or more field generators are adapted to 
generate the electromagnetic fields at respective field 

15 frequencies, and the RF driver is adapted to radiate the 
RF driving field at a driving frequency, and the one or 
more field generators and the RF driver are coupled to 
operate so that the field frequencies and driving frequen- 
cy are mutually synchronized by the clock synchroniza- 

20 tion circuit; and 

wherein the control circuit is coupled to receive a fre- 
quency synchronization signal from the power coil, re- 
sponsive to the synchronized RF driving field, and to ap- 
ply the frequency synchronization signal as a frequency 

25 reference in generating the output signal. 

[0030] Preferably, the electrical current in the at least 
one sensor coil has frequency components at the differ- 
ent frequencies of the one or more field generators, and 
the signal generated by the control circuit is indicative of 

30 the frequency components of the current. 

[0031] Further additionally or alternatively, the control 
circuit is adapted to generate the output signal so as to 
indicate a phase of the current flowing in the at least one 
sensor coil, relative to a phase of the electromagnetic 

35 fields. 

[0032] Preferably, the control circuit is adapted to gen- 
erate the output signal responsive to the synchronization 
of the field frequencies with the driving frequency. 
[0033] Further preferably, the driving frequency of the 
40 RF driving field is an integer multiple of the field frequen- 
cies of the electromagnetic fields of the one or more field 
generators. 

[0034] Even further preferably, the control circuit is fur- 
ther adapted so as to generate an output signal indicative 
45 of an amplitude of the current, and the signal receiver is 
adapted, responsive to the amplitude and phase of the 
current indicated by the output signal, to determine an 
orientation of the object. 

[0035] In a preferred embodiment, the control circuit 
so includes a voltage-to-frequency (V/F) converter, which 
is coupled to generate the output signal with an output 
frequency that varies responsive to the electrical current 
flowing in the at least one sensor coil. 
[0036] In a preferred embodiment, the control circuit 
55 comprises a voltage-to-frequency (V/F) converter, cou- 
pled to the at least one sensor coil so as to generate an 
output signal with an output frequency that varies respon- 
sive to an amplitude of the electrical current flowing in 
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the at least one sensor coil. 

[0037] In some preferred embodiments, the trans- 
ponder is adapted to be inserted, together with the object, 
into a body of a subject, while the one or more field gen- 
erators and the RF driver are placed outside the body. 
Preferably, the object includes an elongate probe, for in- 
sertion into the body, and the transponder is fixed in the 
probe so as to enable the receiver to determine the co- 
ordinates of a distal end of the probe. Alternatively, the 
object includes an implant, and the transponder is fixed 
in the implant so as to enable the receiver to determine 
the coordinates of the implant within the body. In a pre- 
ferred embodiment, the implant include a hip joint im- 
plant, including a femur head and an acetabulum, and 
the transponder includes a plurality of transponders fixed 
respectively to the femur head and the acetabulum, and 
the signal receiver is adapted to determine a distance 
between the femur head and the acetabulum responsive 
to the output signal from the transponders. 
[0038] Preferably, the control circuit is adapted to op- 
erate powered solely by the electrical energy conveyed 
thereto by the power coil. 

[0039] In a preferred embodiment, the at least one sen- 
sor coil includes a single sensor coil, and the signal re- 
ceiver is adapted, responsive to the indicated phase of 
the current, to determine a direction of the orientation of 
the transponder. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0040] The present invention will be more fully under- 
stood from the following detailed description of the pre- 
ferred embodiments thereof, taken together with the 
drawings, in which: 

Fig. 1 is a schematic, pictorial illustration of a system 
for tracking the position of a catheter in the heart, in 
accordance with a preferred embodiment of the 
present invention; 

Fig. 2 is a schematic side view of a catheter, showing 
details of a wireless location transponder in the cath- 
eter, in accordance with a preferred embodiment of 
the present invention; 

Fig. 3 is a block diagram that schematically illustrates 
elements of driver and processing circuitry used in 
a wireless position sensing system, in accordance 
with a preferred embodiment of the present inven- 
tion; and 

Fig. 4 is a schematic, pictorial illustration showing 
the use of wireless location transponders in a joint 
implant, in accordance with a preferred embodiment 
of the present invention. 

DETAILED DESCRIPTION OF PREFERRED EMBOD- 
IMENTS 

[0041] Fig. 1 is a schematic, pictorial illustration of a 
mapping system 20, for mapping a heart 24 of a subject 



26, in accordance with a preferred embodiment of the 
present invention. System 20 comprises an elongate 
probe, preferably a catheter 30, which is inserted by a 
user 22 through a vein or artery of the subject into a cham- 

5 ber of the heart. Catheter 30 comprises a wireless posi- 
tion transponder 40, preferably near the distal tip of the 
catheter. Transponder 40 is shown in detail in Fig. 2. 
Optionally, catheter 30 comprises two or more trans- 
ponders of this sort, mutually spaced along the length of 

10 the catheter, in order to give position and orientation co- 
ordinates at multiple points along the catheter. 
[0042] To operate transponder 40, subject 26 is placed 
in a magnetic field generated, for example, by situating 
under the subject a pad containing field generator coils 

15 28 for generating a magnetic field. Coils 28 are driven by 
driver circuits 32 to generate electromagnetic fields at 
different, respective frequencies. The generator coils 28 
are located external to the subject (patient) 26. A refer- 
ence electromagnetic sensor (not shown) is preferably 

20 fixed relative to the patient, for example, taped to the 
patient' s back, and catheter 30 containing transponder 
40 is advanced into the patient's heart. An additional an- 
tenna 54, preferably in the form of a coil, provides RF 
power to the transponder and receives signals therefrom, 

25 as described in detail hereinbelow. Signals received by 
antenna 54 from transponder 40 in the heart are con- 
veyed to a console 34, which analyzes the signals and 
then displays the results on a monitor 36. By this method, 
the precise location of transponder 40 in catheter 30, 

30 relative to the reference sensor, can be ascertained and 
visually displayed. The transponder can also detect dis- 
placement of the catheter that is caused by contraction 
of the heart muscle. 

[0043] Some of the features of system 20 are imple- 

35 mented in the above-mentioned CARTO™ system, in- 
cluding the use of the system to generate maps 38 of 
cardiac electrical and mechanical function. Further as- 
pects of the design of catheter 30 and of system 20 gen- 
erally are described in the above-mentioned US Patents 

40 5,391,199, 5,443,489 and 6,198,963. The design of 
transponder 40 and the associated driver and signal 
processing circuits used in console 34, however, as de- 
scribed hereinbelow, are unique to the present invention. 
[0044] Reference is now made to Figs. 2 and 3, which 

45 schematically show details of transponder 40 and of driv- 
ing and processing circuits in console 34, in accordance 
with a preferred embodiment of the present invention. As 
shown in Fig. 2, transponder 40 comprises a power coil 
42 and a sensing coil 46, coupled to a control chip 44. 

so Coil 42 is preferably optimized to receive and transmit 
high-frequency signals, in the range above 1 MHz. Coil 
46, on the other hand, is preferably designed for opera- 
tion in the range of 1-3 kHz, the frequencies at which 
coils 28 generate their electromagnetic fields. Alterna- 

55 tively, other frequency ranges may be used, as dictated 
by application requirements. The entire transponder 40 
is typically 2-5 mm in length and 2-3 mm in outer diameter, 
enabling it to fit conveniently inside catheter 30. 
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[0045] As shown in Fig. 3, console 34 comprises a RF 
power driver 50, which drives antenna 54 to emit a power 
signal, preferably in the 2-10 MHz range. The power sig- 
nal causes a current to flow in power coil 42, which is 
rectified by chip 44 and used to power its internal circuits. 
Meanwhile, the electromagnetic fields produced by field 
generator coils 28 cause a current to flow in sensor coil 
46. This current has frequency components at the same 
frequencies as the driving currents flowing through the 
generator coils. The current components are proportional 
to the strengths of the components of the respective mag- 
netic fields produced by the generator coils in a direction 
parallel to the sensor coil axis. Thus, the amplitudes of 
the currents indicate the position and orientation of coil 
46 relative to fixed generator coils 28. 
[0046] Chip 44 measures the currents flowing in sen- 
sor coil 46 at the different field frequencies. It encodes 
this measurement in a high-frequency signal, which it 
then transmits back via power coil 42 to antenna 54. Pref- 
erably, chip 44 comprises a voltage-to-frequency (V/F) 
converter 48, which generates a RF signal whose fre- 
quency is proportional to the voltage produced by the 
sensor coil current flowing across a load. Preferably, the 
RF signal produced by chip 44 has a carrier frequency 
in the 50-1 50 MHz range. The RF signal produced in this 
manner is modulated with three different frequency mod- 
ulation (FM) components that vary over time at the re- 
spective frequencies of the fields generated by coils 28. 
The magnitude of the modulation is proportional to the 
current components at the three frequencies. An advan- 
tage of using frequency modulation, rather than ampli- 
tude modulation, to convey the sensor coil amplitude 
measurements from transponder 40 to antenna 54 is that 
the information in the signal (i.e., the frequency) is unaf- 
fected by the variable attenuation of the body tissues 
through which the signal must pass. 
[0047] Alternatively, chip 44 may comprise a sampling 
circuit and analog/digital (A/D) converter (not shown in 
the figures), which digitizes the amplitude of the current 
flowing in sensor coil 46. In this case, chip 44 generates 
an digitally-modulated signal, and RF-modulates the sig- 
nal for transmission by power coil 42. Any suitable meth- 
od of digital encoding and modulation may be used for 
this purpose. Other methods of signal processing and 
modulation will be apparent to those skilled in the art. 
[0048] The FM or digitally-modulated signal transmit- 
ted by power coil 42 is picked up by a receiver 56, coupled 
to antenna 54. The receiver demodulates the signal to 
generate a suitable input to signal processing circuits 58 
in console 34. Typically, receiver 56 amplifies, filters and 
digitizes the signals from transponder 40. The digitized 
signals are received and used by processing circuits 58 
to compute the position and orientation of catheter 30. 
Typically, circuits 58 comprise a general-purpose com- 
puter, which is programmed and equipped with appro- 
priate input circuitry for processing the signals from re- 
ceiver 56. The information derived by circuits 58 is used 
to generate map 38, for example, or to provide other di- 



agnostic information or guidance to operator 22. 
[0049] In an alternative embodiment of the present in- 
vention, driver 50, receiver 56 and antenna 54 are retro- 
fitted to an existing tracking system, such as a CARTO™ 

s system. Console 34 in the existing system is designed 
to receive and process signals received over wires from 
one or more sensor coils in catheter 30, using existing 
processing circuits 58 to determine the position and ori- 
entation of the catheter. Therefore, in this alternative em- 

10 bodiment, receiver 56 demodulates the signals generat- 
ed by transponder 40 so as to reconstruct the variable 
current signals generated by sensor coil 46. The existing 
processing circuits use this information to determine the 
catheter position and orientation just as if the sensor coil 

is currents had been received by wired connection. 

[0050] Console 34 includes a clock synchronization 
circuit 52, which is used to synchronize driver circuits 32 
and RF power driver 50. Most preferably, the RF power 
driver operates at a frequency that is an integer multiple 

20 of the driving frequencies of field generators 28. Chip 44 
can then use the RF signal received by power coil 42 not 
only as its power source, but also as a frequency refer- 
ence. Using this reference, chip 44 is able to apply phase- 
sensitive processing to the current signals generated by 

25 sensor coil 46, to detect the sensor coil current in phase 
with the driving fields generated by coils 28. Receiver 56 
can apply phase-sensitive processing methods, as are 
known in the art, in a similar manner, using the input from 
clock synchronization circuit 52. Such phase-sensitive 

30 detection methods enable transponder 40 to achieve an 
enhanced signal/noise (S/N) ratio, despite the low am- 
plitude of the current signals in sensor coil 46. 
[0051] The single sensor coil 46 shown in Fig. 2 is suf- 
ficient, in conjunction with field generator coils 28, to en- 

35 able processing circuits 58 to generate three dimensions 
of position and two dimensions of orientation information. 
The third dimension of orientation (typically rotation of 
catheter 30 about its longitudinal axis) can be inferred if 
needed from mechanical information or, when two or 

40 more transponders are used in the catheter, from a com- 
parison of their respective coordinates. Alternatively, 
transponder 40 may comprise multiple sensor coils, pref- 
erably three mutually-orthogonal coils, as described, for 
example, in the above-mentioned PCT publication WO 

45 96/05768. In this case, processing circuits can determine 
all six position and orientation coordinates of catheter 30 
unambiguously. 

[0052] Another point of possible ambiguity in determin- 
ing the orientation coordinates of transponder 40 is that 

so the magnitude of the currents flowing in sensor coil 46 is 
invariant under reversal of the direction of the axis of the 
coil. In other words, flipping transponder 40 by 180° 
through a plane perpendicular to the axis of the sensor 
coil has no effect on the current amplitude. Under some 

55 circumstances, this symmetrical response could cause 
an error of 180° in determining the coordinates of the 
transponder. 

[0053] While the magnitude of the sensor coil current 
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is unaffected by flipping the coil axis, the 180° reversal 
does reverse the phase of the current relative to the 
phase of the driving electromagnetic fields generated by 
field generators 28. Clock synchronization circuit 52 can 
be used to detect this phase reversal and thus overcome 
the ambiguity of orientation under 1 80° rotation. Synchro- 
nizing the modulation of the RF signal returned by chip 
44 to receiver 56 with the currents driving field generators 
28 enables receiver 56 to determine the phase of the 
currents in sensor coil 46 relative to the driving currents. 
By checking whether the sensor currents are in phase 
with the driving currents or 1 80° out of phase, processing 
circuitry 58 is able to decide in which direction the trans- 
ponder is pointing. 

[0054] Fig. 4 is a schematic, pictorial illustration show- 
ing the use of location transponders in an orthopedic pro- 
cedure, in accordance with a preferred embodiment of 
the present invention. An advantage of using wireless 
transponders, such as transponder 40, without an on- 
board power source, is that the transponders can be in- 
serted in or attached to implantable devices, and then 
left inside the patient's body for later reference. The em- 
bodiment shown in Fig. 4 illustrates hip implant surgery, 
in which a surgeon is required to position the head of an 
artificial femur60 in an artificial acetabulum 62. Typically, 
before performing the procedure, the surgeon takes X- 
rays or CT images to visualize the area of the operation, 
but then must perform the actual surgery without the ben- 
efit of real-time three-dimensional visualization. 
[0055] In the embodiment shown in Fig. 4, miniature 
transponders 64 are embedded in femur 60, and further 
miniature transponders 66 are embedded in the pelvis in 
the area of acetabulum 62. Transponders 64 and 66 are 
preferably similar to transponder 40, as shown in Fig. 2. 
Most preferably, each transponder is configured to trans- 
mit signals back to antenna 54 at a different carrier fre- 
quency, so that receiver 56 can differentiate between the 
transponders. At the beginning of surgery, an X-ray im- 
age is taken with the head of the femur in proximity to 
the acetabulum. The image is captured by computer and 
displayed on a computer monitor. Transponders 64 and 
66 are visible in the X-ray image, and their positions in 
the image are registered with their respective location 
coordinates, as determined by processing circuitry 58. 
During the surgery, the movement of the transponders 
is tracked by circuitry 58, and this movement is used to 
update the relative positions of thefemurand acetabulum 
in the image on the monitor, using image processing tech- 
niques known in the art. The surgeon uses the updated 
image to achieve proper placement of the femur head in 
the acetabulum, without the need for repeated X-ray ex- 
posures while the surgery is in process. 
[0056] After the surgery is finished, the relative posi- 
tions of transponders 64 and 66 (which remain in the 
implant) are preferably checked periodically to verify that 
the proper relation is maintained between the bones. This 
sort of position monitoring is useful both during recovery 
and for monitoring the status of the implant over the long 
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term. For example, such monitoring may be used to de- 
tect increasing separation of the femur from the acetab- 
ulum, which is known in some cases to precede more 
serious bone deterioration. 

5 [0057] While Figs. 1 and 4 show only two particular 
applications of wireless position transponders in accord- 
ance with preferred embodiments of the present inven- 
tion, other applications will be apparent to those skilled 
in the art and are considered to be within the scope of 

10 the present invention. For example, and not by way of 
limitation, such transponders may be fixed to other types 
of invasive tools, such as endoscopes and feeding tubes, 
as well as to other implantable devices, such as ortho- 
pedic implants used in the knee, the spine and other lo- 

15 cations. 

[0058] It will thus be appreciated by persons skilled in 
the art that the present invention is not limited to what 
has been particularly shown and described hereinabove. 
Rather, the scope of the present invention includes both 
20 combinations and subcombinations of the various fea- 
tures described hereinabove, as well as variations and 
modifications thereof that are not in the prior art, which 
would occur to persons skilled in the art upon reading 
the foregoing description. 

25 

Claims 

1 . Apparatus (20) for tracking an object (30), compris- 
30 ing: 

one or more field generators 

driver circuits (32) adapted to drive the one or 

more field generators (28) to generate electro- 

35 magnetic fields at different, respective frequen- 

cies in a vicinity of the object; 
a radio frequency (RF) driver (50), adapted to 
radiate a RF driving field toward the object; 
a wireless transponder (40), fixed to the object 

io (30), the transponder comprising: 

at least one sensor coil (46), coupled so that 
an electrical current flows in the at least one 
sensor coil responsive to the electromag- 

45 netic fields; 

a control circuit (44), coupled to the at least 
one sensor coil (46) so as to generate an 
output signal indicative of the current; and 
a power coil (42), coupled to receive the RF 

so driving field and to convey electrical energy 

from the driving field to the control circuit 
(44), and further coupled to transmit the out- 
put signal generated by the control circuit; 
and 

55 

a signal receiver (34), adapted to receive the 
output signal transmitted by the power coil and, 
responsive thereto, to determine coordinates of 
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the object (30); characterized in that the ap- 
paratus comprises a clock synchronization cir- 
cuit (52) coupled to the driver circuits (32) and 
to the RF driver (50); 

and in that the one or more field generators (28) are 
adapted to generate the electromagnetic fields at re- 
spective field frequencies, and the RF driver (50) is 
adapted to radiate the RF driving field at a driving 
frequency, and wherein the one or more field gen- 
erators (28) and the RF driver (50) are coupled to 
operate so that the field frequencies and the driving 
frequency are mutually synchronized by the clock 
synchronization circuit (52); and 
and in that the control circuit (44) is coupled to re- 
ceive a frequency synchronization signal from the 
power coil (42), responsive to the synchronized RF 
driving field, and to apply the frequency synchroni- 
zation signal as a frequency reference in generating 
the output signal. 

2. Apparatus according to claim 1 , wherein the electri- 
cal current in the at least one sensor coil (46) has 
frequency components at the different frequencies 
of the one or more field generators (28), and wherein 
the signal generated by the control circuit (44) is in- 
dicative of the frequency components of the current. 

3. Apparatus according to claim 1 , wherein the control 
circuit (44) is adapted to generate the output signal 
so as to indicate a phase of the current flowing in the 
at least one sensor coil (46), relative to a phase of 
the electromagnetic fields. 

4. Apparatus according to claim 3, wherein the control 
circuit (44) is adapted to generate the output signal 
responsive to the synchronization of the field fre- 
quencies with the driving frequency. 

5. Apparatus according to any preceding claim, where- 
in the driving frequency of the RF driving field is an 
integer multiple of the field frequencies of the elec- 
tromagnetic fields of the one or more field generators 
(28). 

6. Apparatus according to claim 3, wherein the control 
circuit (44), is further adapted so as to generate an 
output signal indicative of an amplitude of the cur- 
rent, and wherein the signal receiver (34) is adapted, 
responsive to the amplitude and phase of the current 
indicated by the output signal, to determine an ori- 
entation of the object (30). 

7. Apparatus according to claim 6, wherein the at least 
one sensor coil comprises a single sensor coil (46), 
and wherein the signal receiver is adapted, respon- 
sive to the indicated phase of the current, to deter- 
mine a direction of the orientation of the transponder 
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(40). 

8. Apparatus according to claim 1 or claim 6, wherein 
the control circuit (44) comprises a voltage-to-fre- 
5 quency (V/F) converter (48), which is coupled to gen- 
erate the output signal with an output frequency that 
varies responsive to the electrical current flowing in 
the at least one sensor coil (46). 

10 9. Apparatus according to claim 1 , wherein the control 
circuit (44) comprises a voltage-to-frequency (V/F) 
converter (48), coupled to the at least one sensor 
coil (46) so as to generate an output signal with an 
output frequency that varies responsive to an ampli- 

15 tude of the electrical current flowing in the at least 
one sensor coil. 

10. Apparatus according to claim 1 ,6 or 9, wherein the 
transponder (40) is adapted to be inserted, together 

20 with the object (30), into a body of a subject (26), 
while the one or more field generators (28) and the 
RF driver (50) are placed outside the body. 

1 1 . Apparatus according to claim 1 0, wherein the object 
25 comprises an elongate probe (30), for insertion into 

the body, and wherein the transponder (40) is fixed 
in the probe (30) so as to enable the receiver (34) to 
determine the coordinates of a distal end of the 
probe. 

12. Apparatus according to claim 10, wherein the object 
comprises an implant, and wherein the transponder 
(40) is fixed in the implant so as to enable the receiver 
to determine the coordinates of the implant within 

35 the body. 

1 3. Apparatus according to claim 1 2, wherein the implant 
comprises a hip joint implant, comprising a femur 
head (60) and an acetabulum (62), and wherein the 

io transponder comprises a plurality of transponders 
(64, 66) fixed respectively to the femur head and the 
acetabulum, and wherein the signal receiver is 
adapted to determine a distance between the femur 
head (60) and the acetabulum (62) responsive to the 

45 output signal from the transponders (64, 66). 

14. Apparatus according to claim 1 , wherein the control 
circuit (44) is adapted to operate powered solely by 
the electrical energy conveyed thereto by the power 

so coil (42). 



Patentanspruche 

55 1. Vorrichtung (20) zum Verfolgen eines Objekts (30), 
die folgendes umfaftt: 

einen Oder mehrere Feldgeneratoren, 
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Treiberschaltungen (32), die geeignet sind, den 2. 
einen Oder die mehreren Feldgeneratoren (28) 
zu treiben, um elektromagnetische Felder mit 
unterschiedlichen jeweiligen Frequenzen in der 
Nahe des Objekts zu erzeugen; s 
einen Hochfrequenz-Treiber (HF-Treiber) (50), 
der geeignet ist, ein HF-Treibfeld in Richtung 
auf das Objekt auszusenden; 

einen drahtlosen Transponder (40), der an dem 3. 
Objekt (30) befestigt ist, wobei der Transponder 10 
folgendes umfalit: 

mindestens eine Sensorspule (46), die so 
gekoppelt ist, daft in Antwort auf die elek- 
tromagnetischen Felder ein elektrischer « 
Strom in der mindestens einen Sensorspule 4. 
flielit; 

eine Steuerschaltung (44), die mit der min- 
destens einen Sensorspule (46) so gekop- 
pelt ist, daft sie ein Ausgangssignal erzeugt, 20 
welches indikativ fur den Strom ist; und 5. 
eine Leistungsspule (42), die gekoppelt ist, 
um das HF-Treibfeld zu empfangen und 
elektrische Energie von dem Treibfeld zur 
Steuerschaltung (44) zu liefern, unddiefer- 25 
ner gekoppelt ist, um das von der Steuer- 
schaltung erzeugte Ausgangssignal zu 6. 
ubertragen; und 

einen Signalempfanger (34), der geeignet 
ist, das von der Leistungsspule ubertragene 30 
Ausgangssignal zu empfangen und in Ant- 
wort darauf die Koordinaten des Objekts 
(30) zu ermitteln; dadurch gekennzeich- 
net, dad 

die Vorrichtung eine Takt-Synchronisati- 35 
onsschaltung (52) umfalit, die mit den Trei- 7. 
berschaltungen (32) und dem HF-Treiber 
(50) gekoppelt ist, und daft der eine oder 
die mehreren Feldgeneratoren (28) geeig- 
net sind, die elektromagnetischen Felder 40 
bei jeweiligen Feldfrequenzen zu erzeugen, 
und der HF-Treiber (50) geeignet ist, das 
HF-Treibfeld bei einer Treibfrequenz aus- 8. 
zusenden, und wobei der eine oder die 
mehreren Feldgeneratoren (28) und der 45 
HF-Treiber (50) gekoppelt sind, um so zu 
arbeiten, daft die Feldfrequenzen und die 
Treibfrequenz durch die Takt-Synchronisa- 
tionsschaltung (52) miteinander synchroni- 
siert sind; so 
und daft die Steuerschaltung (44) gekoppelt 9. 
ist, um ein Frequenz-Synchronisationssi- 
gnal in Antwort auf das synchronisierte HF- 
Treibfeld von der Leistungsspule (42) zu 
empfangen, und um das Frequenz-Syn- 55 
chronisationssignal als Frequenzreferenz 
beim Erzeugen des Ausgangssignals zu 
verwenden. 



Vorrichtung nach Anspruch 1 , bei der der elektrische 
Strom in der mindestens einen Sensorspule (46) 
Frequenzkomponenten bei den unterschiedlichen 
Frequenzen des einen oder der mehreren Feldge- 
neratoren (28) aufweist, und bei der das von der 
Steuerschaltung (44) erzeugt Signal indikativ fur die 
Frequenzkomponenten des Stroms ist. 

Vorrichtung nach Anspruch 1 , bei der die Steuer- 
schaltung (44) geeignet ist, das Ausgangssignal so 
zu erzeugen, daft es eine Phase des Stroms, wel- 
cher in der mindestens einen Sensorspule (46) flielit, 
relativ zu einer Phase der elektromagnetischen Fel- 
der anzeigt. 

Vorrichtung nach Anspruch 3, bei der die Steuer- 
schaltung (44) geeignet ist, das Ausgangssignal in 
Antwort auf die Synchronisation der Feldfrequenzen 
mit der Treibfrequenz zu erzeugen. 

Vorrichtung nach einem der vorhergehenden An- 
spruche, bei der die Treibfrequenz des HF-Treibfel- 
des ein ganzzahliges Vielfaches der Feldfrequenzen 
der elektromagnetischen Felder des einen oder der 
mehreren Feldgeneratoren (28) ist. 

Vorrichtung nach Anspruch 3, bei der die Steuer- 
schaltung (44) ferner geeignet ist, ein Ausgangssi- 
gnal zu erzeugen, welches indikativ fur eine Ampli- 
tude des Stroms ist, und wobei der Signalempfanger 
(34) geeignet ist, in Antwort auf die Amplitude und 
die Phase des Stroms, welche durch das Ausgangs- 
signal angezeigt werden, eine Orientierung des Ob- 
jekts (30) zu ermitteln. 

Vorrichtung nach Anspruch 6, bei der die mindestens 
eine Sensorspule eine einzige Sensorspule (46) um- 
falit, und bei der der Signalempfanger geeignet ist, 
in Antwort auf die angezeigte Phase des Stroms, 
eine Richtung der Orientierung des Transponders 
(40) zu ermitteln. 

Vorrichtung nach Anspruch 1 oder Anspruch 6, bei 
der die Steuerschaltung (44) einen Spannungs-/Fre- 
quenz-Wandler (V/F-Wandler) (48) umfalit, der ge- 
koppelt ist, um das Ausgangssignal mit einer Aus- 
gangsfrequenz zu erzeugen, die in Antwort auf den 
elektrischen Strom, welcher in der mindestens einen 
Sensorspule (46) flielit, variiert. 

Vorrichtung nach Anspruch 1 , bei der die Steuer- 
schaltung (44) einen Spannungs-/Frequenz-Wand- 
ler (V/F-Wandler) (48) umfalit, der mit der minde- 
stens einen Sensorspule (46) gekoppelt ist, um ein 
Ausgangssignal mit einer Ausgangsfrequenz zu er- 
zeugen, die in Antwort auf eine Amplitude des elek- 
trischen Stroms, welcher in der mindestens einen 
Sensorspule flielit, variiert. 
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10. Vorrichtung nach Anspruch 1 , 6 Oder 9, bei der der 
Transponder (40) geeignet ist, zusammen mit dem 
Objekt (30) in einen Korper eines Subjekts (26) ein- 
gefuhrt zu werden, wahrend der eine Oder die meh- 
reren Feldgeneratoren (28) und der HF-Treiber (50) 5 
auBerhalb des Korpers angeordnet sind. 

11. Vorrichtung nach Anspruch 10, bei der das Objekt 
eine langliche Sonde (30) zum Einfuhren in den Kor- 
per umfaftt, und bei der der Transponder (40) in der 10 
Probe (30) so befestigt ist, daft der Empfanger (34) 

in der Lage ist, die Koordinaten eines distalen Endes 
der Sonde zu ermitteln. 

12. Vorrichtung nach Anspruch 10, bei der das Objekt 15 
ein Implantat umfalit, und bei der der Transponder 
(40) in dem Implantat so befestigt ist, daft der Emp- 
fanger in der Lage ist, die Koordinaten des Implan- 
tats innerhalb des Korpers zu ermitteln. 

20 

13. Vorrichtung nach Anspruch 12, bei derdas Implantat 
ein Huftgelenksimplantat umfaftt, umfassend einen 
Femur-Kopf (60) und ein Acetabulum (62), und wo- 
bei der Transponder eine Mehrzahl von Transpon- 
dern (64, 66) umfaftt, die an dem Femur-Kopf bzw. 25 
dem Acetabulum befestigt sind, und wobei der Si- 
gnalempfanger geeignet ist, einen Abstand zwi- 
schen dem Femur-Kopf (60) und dem Acetabulum 
(62) in Antwort auf das Ausgangssignal von den 
Transpondern (64, 66) zu ermitteln. 30 

14. Vorrichtung nach Anspruch 1, bei der die Steuer- 
schaltung (44) geeignet ist, nur mit der elektrischen 
Energie zu arbeiten, die ihr durch die Leistungsspule 
(42) zugefuhrt wird. 35 



Revendications 

1. Appareil(20)poursuivreunobjet(30), comprenant : 40 

un ou plusieurs generateurs de champ, 
des circuits d'attaque (32) adaptes pour entrai- 
ner le ou les generateurs de champ (28) pour 
generer des champs electromagnetiques a des 
frequences respectives differentes au voisinage 
de I'objet ; 

une unite de commande (50) radiofrequence 
(RF), adaptee pour emettre un champ de com- 
mande RF vers I'objet ; 

un transpondeur sans fil (40), fixe a I'objet (30), 
le transpondeur comprenant : 

au moins une bobine de capteur (46), cou- 
plee de sorte qu'un courant electrique cir- 
cule dans au moins une bobine de capteur 
reactive aux champs electromagnetiques ; 
un circuit de commande (44), couple a la au 
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moins une bobine de capteur (46) de facon 
a generer un signal de sortie indiquant le 
courant ; et 

une bobine d'induction (42), couplee pour 
recevoir le champ de commande RF et pour 
acheminer I'energie electrique du champ de 
commande au circuit de commande (44), et 
en outre couplee pour transmettre le signal 
de sortie genere par le circuit de 
commande ; et 

un recepteur de signal (34), adapte pour re- 
cevoir le signal de sortie transmis par la bo- 
bine d'induction et, reactif a celle-ci pourde- 
terminer les coordonnees de I'objet (30) ; 
caracterise en ce que I'appareil comprend 
un circuit de synchronisation d'horloge (52) 
couple aux circuits d'attaque (32) et a I'unite 
de commande RF (50) ; 
et en ce que le ou les generateurs de 
champ (28) sont adaptes pour generer les 
champs electromagnetiques a des frequen- 
ces de champ respectives, et I'unite de com- 
mande RF (50) est adaptee pour emettre 
un champ de commande RF a une frequen- 
ce de commande, et dans lequel le ou les 
generateurs de champ (28) et I'unite de 
commande RF (50) sont couples pour fonc- 
tionner de sorte que les frequences de 
champ et la frequence de commande soient 
mutuellement synchronisers par le circuit 
de synchronisation d'horloge (52); et 
en ce que le circuit de commande (44) est 
couple pour recevoir un signal de synchro- 
nisation de frequence de la bobine d'induc- 
tion (42), reactif au champ de commande 
RF synchronise, et pour appliquer le signal 
de synchronisation de frequence en tant 
que frequence de reference dans la gene- 
ration du signal de sortie. 

2. Appareil selon la revendication 1 , dans lequel le cou- 
rant electrique dans la au moins une bobine de cap- 
teur (46) comporte des composantes de frequence 
aux frequences differentes d'un ou plusieurs gene- 
rateurs de champ (28), et dans lequel le signal ge- 
nere par le circuit de commande (44) indique les 
composantes de frequence du courant. 

3. Appareil selon la revendication 1 , dans lequel le cir- 
cuit de commande (44) est adapte pour generer le 
signal de sortie de facon a indiquer une phase du 
courant circulant dans la au moins une bobine de 
capteur (46), par rapport a une phase des champs 
electromagnetiques. 

4. Appareil selon la revendication 3, dans lequel le cir- 
cuit de commande (44) est adapte pour generer le 
signal de sortie en reaction a la synchronisation des 
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frequences de champ avec la frequence de com- 
mande. 

5. Appareil selon Tune quelconque des revendications 
precedentes, dans lequel la frequence de comman- 
de du champ de commande RF est un entier multiple 
des frequences de champ des champs electroma- 
gnetiques du ou des generateurs de champ (28). 

6. Appareil selon la revendication 3, dans lequel le cir- 
cuit de commande (44) est en outre adapte de facon 
a generer un signal de sortie indiquant une amplitude 
du courant, et dans lequel le recepteur de signal (34) 
est adapte, en reaction a I'amplitude et a la phase 
du courant indique par le signal de sortie, pour de- 
terminer une orientation de I'objet (30). 

7. Appareil selon la revendication 6, dans lequel la au 
moins une bobine de capteur comprend une bobine 
de capteur (46) unique, et dans lequel le recepteur 
de signal est adapte, en reaction a la phase du cou- 
rant indiquee, pour determiner une direction de 
I'orientation du transpondeur (40). 

8. Appareil selon la revendication 1 ou la revendication 
6, dans lequel le circuit de commande (44) comprend 
un convertisseur (48) tension-frequence (V/F), qui 
est couple pour generer le signal de sortie avec une 
frequence de sortie qui varie en reaction au courant 
electrique circulant dans la au moins une bobine de 
capteur (46). 

9. Appareil selon la revendication 1 , dans lequel le cir- 
cuit de commande (44) comprend un convertisseur 
(48) tension-frequence (V/F), couple a la au moins 
une bobine de capteur (46) de facon a generer un 
signal de sortie avec une frequence de sortie qui 
varie en reaction a une amplitude du courant elec- 
trique circulant dans la au moins une bobine de cap- 
teur. 

10. Appareil selon la revendication 1 , 6 ou 9, dans lequel 
le transpondeur (40) est adapte pour etre insere, 
avec I'objet (30), dans le corps d'un sujet (26), tandis 
que le ou les generateurs de champ (28) et I'unite 
de commande RF (50) sont places a I'exterieur du 
corps. 

11. Appareil selon la revendication 10, dans lequel I'ob- 
jet comprend une sonde allongee (30), pour une in- 
sertion dans le corps, et dans lequel le transpondeur 
(40) est fixe dans la sonde (30) de maniere a per- 
mettre au recepteur (34) de determiner les coordon- 
nees d'une extremite distale de la sonde. 

12. Appareil selon la revendication 10, dans lequel I'ob- 
jet comprend un implant, et dans lequel le transpon- 
deur (40) est fixe dans I'implant de facon a permettre 



au recepteur de determiner les coordonnees de I'im- 
plant dans le corps. 

13. Appareil selon la revendication 12, dans lequel I'im- 
plant comprend un implant pour I'articulation de la 
hanche, comprenant une tete de femur (60) et un 
acetabulum (62), et dans lequel le transpondeur 
comprend une pluralite de transpondeurs (64, 66) 
fixes respectivement a la tete du femur et a I'aceta- 
bulum, etdans lequel le recepteurdesignal est adap- 
te pour determiner une distance entre la tete du fe- 
mur (60) et I'acetabulum (62) en reaction au signal 
de sortie provenant des transpondeurs (64, 66). 



15 14. Appareil selon la revendication 1 , dans lequel le cir- 
cuit de commande (44) est adapte pour fonctionner 
en etant alimente uniquement par I'energie electri- 
que acheminee jusqu'a lui par la bobine d'induction 
(42). 

20 
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FIG. 3 



c34 



RF POWER 
DRIVER 



^50 



56 



r 52 



CLOCK 
SYNC 



SIGNAL 
RECEIVER/ 
DEMODULATOR 



^28 

O — " 

F 1 



DRIVER 

CIRCUITS 



1^32 



S. 



58 

POSITION 
ORIENTATION 
PROCESSOR 



EP 1 321 097 B1 




EP 1 321 097 B1 



REFERENCES CITED IN THE DESCRIPTION 

This list of references cited by the applicant is for the reader's convenience only. It does not form part of the European 
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be 
excluded and the EPO disclaims all liability in this regard. 



Patent documents cited in the description 



US 5391 199 A [0004] [0043] 

US 5443489 A, Ben-Haim [0004] [0043] 

US 6198963 B, Ben-Haim [0005] [0043] 

WO 9605768 A, Ben-Haim [0006] [0027] [0051] 

US 6239724 B, Doron [0007] [0017] 

US 6172499 B, Ashe [0008] 

US 4173228 A, Van Steenwyck [0009] 



US 5099845 A, Besz [0010] 
US 5325873 A, Hirschi [0010] 
US 5425382 A, Golden [0011] 
US 4905698 A, Strohl [0012] 
US 5425367 A, Shapiro [0012] 
US 5558091 A, Acker [0013] 
US 591 3820 A, Bladen [0014] 



Non-patent literature cited in the description 

• CLEOPATRA ALFENITO. Microtool Opens 3D Win- 
dow into the Human Body. Medical Imaging, Novem- 
ber 1997, vol. 12(11 [0016] 



15 



